fication of the L,D-transpeptidases responsible for attachment of the Braun lipoprotein to Escherichia coli peptidoglycan
were also recently shown to catalyze peptidoglycan cross-linking in vitro (10). In this study, 48
we have investigated by multiple chromosomal deletions and genetic complementation the 49 role of four Ldt fm homologues from E. coli. 50
Four genes, named erfK, ycfS, ynhG, and ybiS, encoding proteins which contain a domain 51 related to the catalytic domain of Ldt fm are present in the E. coli genome (Fig. 2) . Single and 52 multiple deletions of the four genes were constructed in strain BW25113 by the procedure of 53
Datsenko and Wanner (7). The peptidoglycan of the parental strain and of the quadruple 54 mutant (BW25113∆4) was extracted (8) from stationary phase cultures performed in Brain 55 peptidoglycan was digested with muramidases and MurNAc was reduced to muramitol using 58 sodium borohydride (2). The resulting muropeptides were separated by rp-HPLC on a C18 59 column and analyzed by mass spectrometry (2). The relative abundance of muropeptides was 60 estimated by integration of the different peaks of the rp-HPLC profile. The dimer with a 61 monoisotopic mass of 1,722.7, containing a mesoDAP-mesoDAP cross-link generated by L,D-62 transpeptidation, was detected in both strains (peak 5, Fig. 3 ) indicating that none of the four 63
Ldt fm homologues was required for formation of 3-3 cross-links. The quadruple deletion 64 suppressed formation of muropeptides eluting in peaks 8, 13, and 14 in the wild-type elution 65 profile (Fig. 3) . These muropeptides differed from the monomer eluting in peak 2 and from 66 the dimers eluting in peaks 5 and 9 by a mass of 284.2 corresponding to the mass of the 67 dipeptide Lys-Arg. Tandem mass spectrometry analysis of the monomer in peak 8 showed 68
that Lys-Arg was linked via the ε-amine of Lys to the α-carboxyl of mesoDAP 3 of a 69 disaccharide-tripeptide (Boxed in Fig. 1B) . Thus, this muropeptide contains a C-terminal 70 dipeptide fragment of the Braun lipoprotein, known to be covalently linked to the 71 peptidoglycan as depicted in Fig. 1B Thus, complementation analysis revealed that ErfK, YcfS, and YbiS can independently 86 catalyze the covalent anchoring of the Braun lipoprotein to the peptidoglycan. However, this 87 function appears to be mainly performed by YbiS in the parental strain since deletion of the ybiS gene 88 alone suppressed almost completely peak 8 whereas deletion of erfK, ycfS, and ynhG, alone or in 89 combination, had no effect on this peak (data not shown).
90
The muropeptide elution profiles of the various strains were also analyzed to determine 91 whether additional functions could be associated with the Ldt fm homologues. in E. coli belong to the same protein family. The two reactions are expected to involve similar 104 acyl donor but distinct acyl acceptor substrates (Fig. 1) . The L,D-transpeptidase of E. faecium 105 tetrapeptide and links the α-carboxyl of the third residue to the side chain amine at the third 107 position of an acceptor disaccharide-tetrapeptide (Fig. 1A) . In vivo, this reaction results in the 108 formation of 3-3 cross-links between two stem peptides carried by adjacent glycan strands in 109 the peptidoglycan layer. By analogy, ErfK, YcfS, and YbiS are expected to cleave the peptide 110 bond between mesoDAP 3 and D-Ala 4 in a donor disaccharide-tetrapeptide stem and to link the 111 α-carboxyl of mesoDAP 3 to the side chain amine of the L-Lys residue located at the C-112 terminus of the Braun lipoprotein (Fig. 1B) . In vivo, this reaction results in the anchoring of 113 the C-terminus of the Braun lipoprotein to the peptidoglycan layer. The N-terminal Cys 114 residue of the mature Braun lipoprotein is also modified by the addition of fatty acid residues 115 that insert into the outer membrane. Thus, the Braun lipoprotein, which folds in a stable 116 trimeric structure (16), is thought to contribute to the integrity of the outer envelope structure 117 by connecting the outer membrane to the peptidoglycan (4), although neither the loss of the 118 protein (9) nor its anchoring to the peptidoglycan layer (this work) lead to deleterious 119 phenotypes (data not shown). In gram-positive bacteria surface proteins are anchored to 120 peptidoglycan by sortases which cleave a peptide bond within a sorting signal and link the 121 carboxyl of the C-terminal residue to the side chain at the third position of a disaccharide-122 peptide (Fig. 1C) . In this reaction, the protein acts as the carbonyl donor and the disaccharide- 
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